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Squeezing and amplitude-squared squeezing for two two-level nonidentical atoms in lossless cavity 
has been investigated assuming the field to be initially in the coherent state. The time-dependent 
squeezing parameters has been calculated. The influence of the relative differences of two coupling 
constants on the squeezing parameters has been analyzed. 
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■ Squeezing phenomena attract much attention over the last few decades. The squeezed states of light were in- 
vestigated intensively both from theoretical and experimental point of view [JJ and attract considerable attention 
because their possible practical applications for high-precision optical measurements, optical communications and 
optical processing Q . A variety of schemes for producing squeezed states has been proposed. 
y—i , The possibility of squeezing phenomenon in Jaynes-Cummings model (JCM) was analyzed by several authors 
starting with the Meystre and Zubairy [3] ■ The multiphoton, nondegenerate two-mode and two-atom generalizations 



X 



of JCM have also been shown to produce squeezing 3,0. The field squeezing in the two- atom JCM with one and 
multiphoton transitions has been investigated in several papers for initial coherent, squeezed, vacuum and thermal 
field input Last years some interest has arisen in higher-order squeezing Q. One type of higher-order squeezing, 

namely, squeezing of the square of the field amplitude or in brief the amplitude-squared squeezing (ASS) has been 
proposed by Hillery 8]. The ASS has been shown to exist in one- and multiphoton JCM Q and two-atom JCM|f^|.[Tl|. 

In recent years, the model with two nonidentical two-level atoms in cavity has attracted a considerable attention 
in the study of the collective atom-field interaction. The exact solution of this model for lossless cavity and the field 
which is at resonance with the atomic transitions has been calculated firstly for one-photon transitions by Zubairy 
et al. [l^. for two-photon transitions by Jex 0] an d for m-photon transitions by Xu et al. [T3 . Based on these 
solutions both the collapse-revival phenomenon of the atomic coherence for initial coherent |l2j. binomial [TEj and 
squeezed field state Q and the photon statistics have been considered. The ent ang lement of two nonidentical 

atoms, interacting with the thermal field in the cavity with loss has been studied in |l7j . Agarwal and co-authors 
have investigated the two-photon absorption 0] and large two-photon vacuum Rabi oscillations 0] in system of two 
^ ( - nonidentical atoms taking into account the detuting. In this paper we consider the squeezing and ASS in the system 
of the two atoms with different coupling constants which interacts with one mode of coherent field in lossless cavity. 
We analyse the dependence of the squeezing on the relative difference of two coupling constants. 

Let us consider a system of two nonidentical two-level atoms interacting with a single-mode quantized electromag- 
netic field in a lossless resonant cavity via the one-photon-transition mechanism. The Hamiltonian of the considered 



' system in the rotating wave approximation is 
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H = fuva + a + ^ hu) R% + ^ hg^R+a + R^a + ), (1) 

i=l i=l 

where a + and a are the creation and annihilation operators of photons of the cavity field, respectively, R^ and RJ are 
the raising and the lowering operators for the zth atom, uj and ojq are the frequencies of the field mode and the atoms, 
gi is the coupling constant between the ith atom and the field. We assume the field to be at one-photon resonance 
with the atomic transition, i.e. loq = oj . 

We denote by | +) and | — ) the excited and ground states of single atom and by | n) the Fock state of the 
electromagnetic field. The two-atom wave function can be expressed as a combination of state vectors of the form 
I v 1t v 2) — I v i) I where vi , «g = +,— . Let the atoms are initially in the ground state I — ,— ) and the field is 
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initially in a coherent state | a), 

|a)= S exp (-^)S' 

where a =| a \ e lip and n —\ a | 2 is the initial mean photon number or dimensionless intensity of the cavity field. 
The time-dependent wave function of the total system | \l/(t)) obeys the Schrodinger equation 

ih | *(t)) = H | tf(t)). (2) 
Using the Hamiltonian (1) the wave function is found to be 



tf (t)) - 51 cx pH(™ - cxp I -i^ 

n=0 ^ 
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x[C< n) (t) | +,+;n-2)+C 2 " ) (t) | +, -; n - 1) + Cf | - +;n - 1) + | -,-;n>]. (3) 

With the help of formulas (l)-(3) we can obtain the equations of motion for probability coefficients C™(<). These 
equations must be written separately for n = 0, n = 1 and n>2: 

Cf>=0 (i = 1,2,3,4); (4) 
Cf^o, } = - m ti£\ = -tgiC?), = -ifoiCf + 52 C«); (5) 



and for n > 2 
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<5f> = -z( Sl V^Tcf > + .g 2 V^c| n) , 

(3f> = -tfoi vfa#° + 52 ^ n) . (6) 
For atoms initially prepared in their ground state we have the initial conditions for probability coefficients 

Ci n) (0) = l, C^ ) (0) = C 2 " ) (0) = C^ ) (0) = (n = 0,l,2,...). (7) 
The solutions of Eqs. (4)-(6) with initial conditions (7) are found to be 

C[ 0) (t)=Ci°\t) = Ci°\t)=0, Cf(t) = l; (8) 



VI + i? 2 
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and for n > 2 



, 2_R X / (n — \)n r . 
Q (*) = — [ cos (-M) - cos(A_t)], 
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(n) _ -AiR 2 {n-l)^i f A^ + (1 - R 2 ) 



cn*) = 



A 2 . + (1 - i? 2 )n 



/3 l A + [ / 3-(i + ^)] sin(A+t) - aT^TTTT^)] sin(A - i} 



C< n >(t) = 



-4zfl(n - iy/n f A 2 , - (1 - fl 2 )n . 



/3 



\A + [/3-(l + i? 2 )] 



sin(A + t) — 



A^ - (1 - i? 2 )n 



A_[/3+(l + i? 2 )] 



sin(A_i) > , 



c (n)^ = &R 2 {n-l)n 



cos(A + t) cos(A_<) 
,/3 - (1 + R 2 ) + 13 + (1 + R 2 ) 



(10) 



where 



A± = ^{l + R 2 )(2n-l)±f3/V2, 



13 = V(2n - 1) 2 (1 + R 2 ) 2 - 4(n - l)n(l - i? 2 ) 2 , R = g 2 / gi . 

To investigate the photon squeezing we introduce the two slowly varying quadrature components X\,X 2 ol field, 
defined by 

X x = ^(ae wt + a+e- wt ), 
X 2 = ^-(ae lut -a+e- Mt ). 

Thus [X 1 ,X 2 \ = i/2, which implies the uncertainty relation (AX 1 ) 2 (AX 2 ) 2 > 1/16, where (AX,) 2 = (X 2 ) - 
(Xi) 2 (i = 1,2) are variances of quadrature components. Normal squeezing occurs when variances satisfy the 
relation (AX;) 2 < 1/4 (i = lor 2). The condition for squeezing one can write in the form Si < 0, where squeezing 
parameters are 

Si = 1 A^_V4 =1(A¥i)2 _ 1( ^ 1>2) 

The value Si — —1 corresponds to 100% squeezing in ith quadrature component. In terms of photon creation and 
annihilation operators we can rewrite squeezing parameters in the form 



Si = 2(a+a) + 2Re{a 2 e 2luJt ) - 4(Re(ae luJt )) 2 



(11) 



S 2 = 2(a+a) - 2Re(a 2 e 2luJt ) - A(Im{ae wt )f 



(12) 



Using (3) we can obtain 



(a + a) = n 



(«) 1 2 



£»(n) 1 2 



I 2 ) 



A , 



n=2 



n=l 



v n=2 



n=l 



+(q (n) ) , C („ + i )] r^r + g Pn(C (n) rc (« + i)| = ^ i7 

" n=0 J 



e 2 -(a 2 } = « 2 E^^^^^/ t^W^ + E*U(<t , )*<t +a) + 



(n+l)(n + 2) ^ J 

v 7 x 7 n— 1 
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+{c (n) TC (n +2)] l_n_ + J2p n (Ci n) rci n+2) = a 2 A 2 . (13) 

" n=0 ) 

The parameter of initial coherent state is a = v^expit/?. Let below <p = 0. Then, for squeezing parameters Si and 
S 2 one can write 

Si = 2A Q + 2nA 2 - \nA\ , (14) 

S 2 =2A -2nA 2 . (15) 

To define the squeezing of the square of the field amplitude or amplitude-squared squeezing (ASS) we can introduce 
the quantities @ 

Yi = i( a 2 e 2 ^ t + a+ 2 e- 2 ^ t ), 
2i y ' 

The operators Y\ and Y 2 correspond to the real and imaginary parts, respectively, of the field amplitude squared and 
obey the commutation relation [Yi, Y 2 \ = i(2n + 1), where n = a + a. The uncertainty relation for these two quantities 
has the form 

(AYi) 2 (AY 2 ) 2 > (n+1/2) 2 . 

The ASS state in Yi exists if (AY2) 2 < (n + 1/2) and similarly for Y 2 . Then, we can introduce the squeezing parameters 
for ASS in the following form 

(n + 1/2) 

The SSFA is obtained whenever Qi < for i = 1 or i = 2 and Qi = —1 will correspond to 100% SSFA. In terms of 
photon creation and annihilation operators we can rewrite SSFA squeezing parameters in the form \H\ 

Qi = i(n + 1/2)- 1 [2(a+V) + 2i?e(aV 4a ") - A{Re{a 2 e 2wt )) 2 } , (16) 
Q 2 = \{n + 1/2) - 1 [2(a +2 a 2 ) - 2Re(a 4 e 4l0Jt ) - 4{Im(a 2 e 2wt }) 2 ] . (17) 

From (3) we have 

00 00 
(a+ 2 a 2 ) = £p n (n - 2)(n - 3) | c[ n} | 2 + + £ Pn (n - l)(n - 2)[| | 2 + | cf } \ 2 } + 

n— 4 n — 3 



n= 2 



e^{a 2 ) = a 2 ^^M^ T^g^j + ^[^0^+ 



-(^Vcr 4) ]y^+E^(^ l) )^|" +24) } =« 2 4A 4 . (IN! 

* n=0 J 
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With taking into account the Eqs. (13),(16)-(18) we can rewrite the ASS parameters Q\ and Q2 in the form 



Using the expressions (ll)-(20) we have calculated the squeezing parameters Si and Qi for various initial photon 
numbers n and relative differences of two coupling constant R. 

Fig. 1 presents the long time behaviour of parameters Si and S% for n = 0.2 and R = 0.5. For small field intensities 
n as soon as t > we observe negative values of S\ (squeezing in the first field quadrature component) and positive 
values of S2. As times goes on, S\ and S2 start oscillating and reversing sign. The maximum degree of subsequent 
squeezing may be larger than that for the first squeezing. These features have much in common with that for the 
case of single or two identical atoms , Q ■ With increasing of n the degree of squeezing in Si and the number of 
squeezing intervals decreases. 

Figs. 2-5 present the short time behaviour of squeezing parameter Si (the first squeezing) for different small field 
input intensities n and values of relative differences of two coupling constants. Obviously, that for case R = we 
have dealings with a single atom and the case R = 1 corresponds to two identical atoms. For small input intensity 
n (let's say < n < 0.3) the degree of first squeezing increases with decreasing of R (as R decreases from f to 
the maximum obtainable degree of squeezing increases from 20% to 27% for n = 0.2). For field intensities n ss 0.3 
the maximum degree of squeezing is insensitive to choice of R. But for larger intensity input (lets say n > 0.3) the 
dependence of the degree of squeezing from R is reversed. When, for instance, n = 0.4 the increasing of R from to 1 
leads to increasing the degree of squeezing from 18% to 28%. Note that at the beginning of time scale the squeezing 
parameter Si for model with two nonidentical atoms takes the positive values in contrast to that for single atom or 
two identical atoms and the first squeezing of Si is reached with some delay time. But this features is distinct only for 
relative large initial intensities. In Fig. 4 we show the short time behaviour of squeezing parameters Si for models with 
n = 0.8 and different R. For n > 0.8 the R -dependence of the degree of squeezing has nonmonotone character. Note 
that for large input intensities, the parameter Si exhibits weak first squeezing and with increasing n the squeezing is 
vanished at first for intermediate values of R (See Fig. 5). 

Fig. 6 presents the long time behaviour of ASS parameters Qi and Q2 for n = 0.2 and R = 0.5. These parameters 
for small input intensity parameters are carried out in much the same way as Si and S2 but the amount of squeezing 
for ASS is less than that for second-order squeezing. The maximum degree of squeezing in Qi decreases with increasing 
of the parameter R. The dependence Qi and Qi from intensity n have the more complicated character but for large 
intensities n the ASS is weak in both components. 

Figs. 7,8 present the short time behaviour of squeezing parameter Qi (the first ASS) for different field intensities 
n and different values of relative differences of two coupling constants R. For small input intensity n (let's say 
< n < 0.7) the degree of first ASS increases with decreasing of R (as R decreases from 1 to the maximum 
obtainable degree of squeezing increases from 5% to 1.5% for n — 0.4). For n > 0.7 the R -dependence of the degree 
of squeezing has nonmonotone character. In particular for model with n = 0.8 the maximum of ASS is equal 6% when 
R = 0.5. Similarly to ordinary squeezing the first ASS is appeared with some delay time when < R < 1 and with 
increasing of the input intensity the ASS is vanished at first for intermediate values of R. 

Thus, we have considered the effects of squeezing and amplitude-squared squeezing of the cavity field mode in the 
model with two nonidentical atoms. The case in which the field is initially in a coherent state together with the atoms 
in the ground state has been examined. The long and short time behaviour of the squeezing and ASS parameters 
have been calculated. The influence of the relative differences of two coupling constants on the squeezing parameters 
has been analyzed. The investigation of the model with multiphoton transitions and other initial states of field and 
atoms is the aim of our subsequent papers. 
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FIG. 3: Same as Fig. 2 but n = 0.4. 
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FIG. 4: Same as Fig. 2 but n = 0.8. 




FIG. 5: Short time behaviour of the squeezing parameter Si for model with n = 1.0 and 
i? = 0.1 (solid line), 0.3 (dashed line), 0.5 (dashed line with small stroke) and 0.7 (dotted line). 
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FIG. 6: Long time behaviour of the SSFA parameters Qi (solid line) and Q2 (dotted line) for model with n = 0.8 and R = 0.5. 
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FIG. 7: Short time behaviour of the squeezing parameter Qi for model with 

n = 0.4 and R — (solid line), 0.5 (dashed line) and 1 (dotted line). 
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FIG. 8: Same as Fig. 7 but n = 0.8. 
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FIG. 9: Same as Fig. 7 but n = 1.2. 





